Very-long-chain fatty acids (VLCFAs) are synthesized as acyl-CoAs by the endoplasmic reticulum-localized elongase multiprotein complex. Two Arabidopsis genes are putative homologues of the recently identified yeast 3-hydroxy-acyl-CoA dehydratase (PHS1), the third enzyme of the elongase complex. We showed that Arabidopsis PASTICCINO2 (PAS2) was able to restore phs1 cytokinesis defects and sphingolipid long chain base overaccumulation. Conversely, the expression of PHS1 was able to complement the developmental defects and the accumulation of long chain bases of the pas2-1 mutant. The pas2-1 mutant was characterized by a general reduction of VLCFA pools in seed storage triacylglycerols, cuticular waxes, and complex sphingolipids. Most strikingly, the defective elongation cycle resulted in the accumulation of 3-hydroxy-acyl-CoA intermediates, indicating premature termination of fatty acid elongation and confirming the role of PAS2 in this process. We demonstrated by in vivo bimolecular fluorescence complementation that PAS2 was specifically associated in the endoplasmic reticulum with the enoyl-CoA reductase CER10, the fourth enzyme of the elongase complex. Finally, complete loss of PAS2 function is embryo lethal, and the ectopic expression of PHS1 led to enhanced levels of VLCFAs associated with severe developmental defects. Altogether these results demonstrate that the plant 3-hydroxy-acyl-CoA dehydratase PASTICCINO2 is an essential and limiting enzyme in VLCFA synthesis but also that PAS2-derived VLCFA homeostasis is required for specific developmental processes. cuticular wax ͉ elongase ͉ sphingolipid ͉ triacylglycerol ͉ leaf development
V ery-long-chain fatty acids (VLCFAs) are components of eukaryotic cells and are composed of 20 or more carbons (i.e., ϾC18). VLCFAs are involved in many different physiological functions in different organisms. They are abundant constituents of some tissues like the brain (myelin) or plant seeds (storage triacylglycerols). VLCFAs are components of the lipid barrier of the skin and the plant cuticular waxes (1) . VLCFAs are also involved in the secretory pathway for protein trafficking and for the synthesis of GPI lipid anchor (2) . Finally, VLCFAs are components of sphingolipids that are both membrane constituents and signaling molecules (3) .
In yeast, VLCFA synthesis is catalyzed in the endoplasmic reticulum (ER) by a membrane-bound multienzyme protein complex referred as the elongase (4) . The elongase complex catalyzes the cyclic addition of a C2-moiety obtained from malonyl-CoA to an acyl-CoA. VLCFAs (C20, C22, C24, or higher) are produced from shorter fatty acids (usually C16 or C18) made by the cytosolic fatty acid synthase complex. The two-carbon addition during the elongation cycle requires four independent but sequential enzymatic steps. The first step involves the condensation of the malonyl-CoA with an acyl nCoA precursor, resulting in a 3-ketoacyl-CoA intermediate, which is reduced to form a 3-hydroxy-acyl-CoA. The third enzymatic step is the dehydration of the 3-hydroxy-acyl-CoA to an enoyl-CoA, which is finally reduced to yield an acyl n ϩ 2 -CoA. The keto and enoyl reductases are encoded respectively by the YBR159w and TSC13/YDL015c genes; the condensing enzymes are coded by a small family of genes, ELO1, 2, and 3, of which ELO2/FEN1/YCR034w and ELO3/SUR4/YLR372w have been shown to be required for the synthesis of VLCFAs (5) . Identification of the dehydratase remained elusive until the recent identification of YJL097w/PHS1 as encoding this activity (although a role in sphingolipid biosynthesis had previously been inferred from the biochemical phenotype of phs1 mutant that accumulated the long chain base phytosphingosine [PHS] ) (6) . The phs1 mutant was also characterized as a cell cycle mutant defective in G2/M phase (7) . Ultimate confirmation of the biochemical function of Phs1p as the elongase dehydratase was provided by in vitro activity of recombinant protein and reconstitution of the elongase complex in proteoliposomes (8) . Very recently, topology experiments demonstrated that Phs1p has six transmembrane domains with its N-and C-termini in the cytosol and that two conserved amino acids, Y149 and E152, were critical for its activity (9) .
In plants, there is a large family of 3-ketoacyl-CoA synthases (KCS) condensing enzymes exemplified by the Arabidopsis gene Fatty Acid Elongase 1 (FAE1), required in seeds for the synthesis of C20ϩ fatty acids (e.g. erucic acid). The Arabidopsis genome encodes 21 FAE-like KCSs, and although these enzymes are structurally unrelated to the ELO class of condensing enzymes, it has been demonstrated that several Arabidopsis FAE-KCSs can rescue the otherwise lethal yeast elo2⌬/elo3⌬ double mutant (10, 11) . The Arabidopsis CER10 protein shows significant homology with yeast enoyl-CoA reductase Tsc13p, because it rescues the temperature-sensitive lethality of the tsc13-1 yeast mutant (12) and is involved in VLCFA synthesis (13) . The Arabidopsis genome also contains a gene that shares significant homology with the yeast 3-ketoreductase YBR159w, and although it has been demonstrated that this Arabidopsis activity can rescue biochemical phenotypes of the ybr159⌬ mutant, the in vivo role of the plant gene remains to be determined (14) . The yeast dehydratase PHS1/YJL097w gene also shares significant similarity with the Arabidopsis PASTICCINO2 (PAS2) gene, which was shown to rescue phs1⌬ lethality (15) . Mutations in the PAS2 gene lead to strong developmental defects associated with ectopic cell division, cell differentiation, and hormonal responses (15) (16) (17) (18) . Finally, PAS2 was demonstrated to be able to interact with phosphorylated cyclin-dependent kinase (CDK) and subsequently to prevent its dephosphorylation by CDC25-like phosphatase(s), preventing premature entry in mitosis (19) . However, the fact that PAS2 shows significant sequence similarity with Phs1p and that it was able to rescue phs1 mutant argues in favor of PAS2 being the dehydratase component of the microsomal elongase complex. Here, we show by reciprocal complementation experiments that PAS2 and PHS1 are functionally exchangeable. The pas2 mutant was also characterized by global reduction of VLCFAs and by the specific accumulation of 3-hydroxyacyl-CoA substrate of the dehydratase. Moreover, PAS2 was found to be associated with ER and to physically interact with the reductase CER10. Collectively our results demonstrate that PAS2 is required for the synthesis of VLCFAs and that these fatty acids are indispensable components of several specific lipid classes.
Results
PASTICCINO2 is the Arabidopsis Orthologue of Yeast PHS1. PAS2 shares 35% identity with a similar protein in Arabidopsis coded by the gene At5g59770, and both proteins showed a similar degree of similarities with Phs1p (33% and 32% identity, respectively, for PAS2 and At5g59770 coding protein). However, At5g59770 was not able to suppress the lethality of phs1 [supporting information (SI) Fig. S1 ]. Therefore, PAS2 represents a bona fide functional orthologue of PHS1 in Arabidopsis. However, it was still not clear whether this complementation by PAS2 was associated with the rescue of both cell division and lipid defects present in phs1. To address these questions, we used a phs1 haploid strain expressing the inducible pGAL1:PAS2 construct (designated D1B), which was able to grow only on galactose-and not on glucose-supplemented medium (Fig. S1 ) (15) . When grown on galactose, D1B cells showed wild-type phenotype. Conversely, cells grown on glucose presented the characteristic phs1 multibudded or large-budded phenotypes (Fig. 1A) . Likewise, galactose-grown D1B cells displayed a restoration of the normal low levels of free (i.e., nonacylated) long chain bases (LCBs) that accumulated in phs1 mutant (Fig.  1B and Fig. S2 ). The expression of the Arabidopsis PAS2 gene is thus able to rescue both cell division and lipid defects of the yeast phs1 mutant.
One scenario we considered was that the plant PAS2 function might still have evolved, compared with its yeast orthologue, by the acquisition of new biochemical functions such as the regulation of cell cycle proteins (15, 19) . We thus investigated whether the yeast PHS1 gene could complement the developmental phenotype of the plant pas2 mutant. PHS1 was therefore expressed in the heterozygous pas2/ϩ plant under the control of the constitutive 35S promoter (Fig. S3) . Segregation of pas2/ϩ plants carrying 35S:PHS1 construct showed that the phenotype of pas2 mutants expressing PHS1 reverted from small dwarf seedlings with fused leaves to plants almost indistinguishable from wild type (Fig. 1C) . PHS1 complementation of pas2 phenotype was also observed at the levels of free LCBs that accumulated in pas2 and was almost completely restored to wild-type levels by expression of PHS1 ( Fig. 1D and Fig. S2 ). In conclusion, yeast PHS1 is able to complement pas2 developmental defects and LCB accumulation, demonstrating that both proteins are exchangeable and that PAS2 represents the true PHS1 orthologue. More importantly, PHS1 complementation indicates that pas2 developmental defects are most likely caused by a defective dehydratase activity in the VLCFA microsomal elongase complex.
pas2-1 Mutant Is
Characterized by Low VLCFAs. In plants, VLCFAs are involved in several classes of complex lipids, such as seed storage triacylglycerols, cuticular waxes, and sphingolipids, but could also be found in the phospholipid fraction (20) . Analysis of VLCFAs in seeds showed that pas2 seeds accumulated lower levels of 22:1 and 20:1 and higher levels of short chains 16:0, 18:1, 18:2, and 18:3 compared with wild type ( Fig. 2A) . Wax deposition was modified in pas2 mutant stems with a lower density of wax crystals, which were mainly of globule shapes instead of flakes (Fig. S4 ). This result was consistent with the observation in pas2 of postgenital organ fusion characteristic of cuticule mutants (15) . Accordingly, all of the aliphatic components of cuticular waxes were dramatically reduced in the pas2 mutant compared with wild type in both stems and leaves ( Fig. 2B and Fig. S5 ). Finally, VLCFA content from complex sphingolipids was lower in pas2 mutant compared with wild type (Fig. 2C and  Fig. S6 ). The glucosylceramide pool showed an almost complete absence of VLCFAs, whereas in contrast, the glycosyl-inositolphosphoceramide (GIPC) pool showed only small VLCFA reduction. Almost no difference could be observed in the simple sphingolipid fractions except for 16:0 ceramide and hydroxyceramide levels, which were increased in pas2 mutant (Fig. S6) . Thus, in agreement with the PAS2 role in fatty acid elongation, three lipid fractions of Arabidopsis that contain VLCFAs were perturbed in the pas2 mutant.
PAS2 Is Involved in 3-hydroxy acyl-CoA Dehydration During VLCFA Elongation. In yeast, the microsomal elongase complex is localized in the ER, as demonstrated by biochemical and subcellular data (4) . In plants, the elongase synthases and the two reductases were also found to be ER-associated proteins (21) . Subcellular distribution of PAS2 was thus monitored by expressing the construct pPAS2:PAS2-GFP in both Nicotiana benthamiana and Arabidopsis epidermal cells (22) . PAS2-GFP protein fusion was mainly associated with the ER and colocalized with CER10-mRFP1 ( Fig. S7 A and B) . Next, we investigated whether PAS2 was directly associated with enzymes of the VLCFA elongase complex by analyzing the interaction between PAS2 and ECR/CER10. Protein-protein interactions were tested in vivo in Arabidopsis by bimolecular fluorescence complementation (BiFC). Transient expression of YFP N -PAS2 and CER10-YFP C under the 35S promoter led to a YFP signal (Fig. S7C) . Because the interaction takes place in a closed endomembrane compartment and involved membrane associated proteins, we evaluated the specificity of BiFC assay by using the ER-localized LCB lyase AtDPL1 (23) . No YFP signal could be detected between YFP N -PAS2 and AtDPL1-YFP C or between YFP N -AtDPL1 and CER10-YFP C , demonstrating that PAS2 and ECR/CER10 were involved in a genuine interaction.
Finally, if PAS2 is involved like Phs1p in the dehydratase step of the microsomal elongase complex, it should catalyze the conversion of 3-hydroxy-acyl-CoA into an enoyl-CoA form. Consequently, mutations in PAS2 would be predicted to lead to an accumulation of 3-hydroxy-acyl-CoA as intermediates of the elongation cycle. Although no significant quantitative differences among nonhydroxylated acyl-CoAs from 14:0 to 22:1 could be detected between pas2 mutant and wild type (Fig. 3 and Table  S1 ), three additional peaks present in the pas2 profile were identified by MS analysis as C18:0, C20:0, and C22:0 3-hydroxyacyl-CoAs (Fig. 3 and Fig. S8) . No additional peaks could be observed in the complemented pas2-1, 35S:PHS1 line, confirming that the presence 3-hydroxy-acyl-CoAs was caused by a defective dehydratase activity (Fig. S9) . These data are not only in agreement with the proposed role of PAS2 as the microsomal elongase dehydratase but also report the presence of intermediates of the elongation cycle in the acyl-CoA pool. Interestingly, the presence of 3-hydroxy-C18:0-CoA in dehydratase-deficient mutants strongly suggests that acyl-CoA with an acyl chain as short as C16 could be a substrate of the Arabidopsis elongase complex.
Acyl-CoA Dehydratase Is Essential for Plant Development and Is
Limiting for VLCFA Synthesis. The pas2-1 and pas2-2 pep mutations were characterized as leaky alleles because both mutants were still able to accumulate low levels of wild-type transcript (15, 17) . We therefore checked the effect of the Salk T-DNA insertion line N617051, which contains an insertion in the 5Ј UTR, 174 bases before the initiating methionine of PAS2. Heterozygous plants for this T-DNA insertion mutant were genotyped (Fig.  S10) , and no homozygous plants could be identified in the progeny. Siliques of heterozygous plants contained about 25% of aborted seeds, suggesting that homozygous pas2-3 mutants were embryo lethal and could not be recovered. (Fig. 4A) .
Because the Arabidopsis dehydratase corresponds to a single gene and its inactivation is lethal, we investigated whether PAS2 might represent a limiting step for VLCFA synthesis. To limit possible transgene-derived silencing associated with the overexpression of PAS2, we used the orthologous yeast PHS1 to monitor the effect of increasing dehydratase activity on VLCFA levels and on plant development. Several independent lines expressing PHS1 under the 35S promoter showed clear growth retardation associated with abnormal leaf development. Leaves from transgenic lines were smaller and crinkled, with pronounced serration and often an asymmetric development compared with that of control plants (Fig. 4B) . Epidermal cells from PHS1-expressing transgenic leaves showed a large heterogeneity in cell sizes and shapes (Fig. 4C) . Moreover, the surface of PHS1-expressing leaf epidermal cells was decorated with wax crystals, suggesting an increase in cuticular waxes in contrast to wild type (Fig. 4C) . Flower development was also modified by PHS1 expression with, for instance, misshapen and unfused carpels (Fig. S11) . Detailed analysis of cell surface of unfused carpel showed high accumulation of cuticular waxes (Fig. S11) .
To confirm that ectopic expression of PHS1 could modify VLCFA content, we analyzed fatty acid content of roots of young seedlings. The 35S:PHS1 seedlings showed significant changes in the relative distribution of VLCFAs, with higher levels of 22:0 compared with wild type (Fig. 4D) . Because VLCFAs are also normally found in mature seeds, we investigated the effect of PHS1 expression on seed size and total fatty acid levels. Expression of PHS1 led to slightly larger seeds, whereas pas2 mutant showed smaller seeds compared with wild type (Fig. S11) . Similar to the observation with seedlings, PHS1-expressing seeds showed an increase in VLCFAs, mostly 22:1 (Fig. 4E) .
In conclusion, VLCFA dehydratase is not only an essential enzyme for plant growth and development, but it is also a limiting step for VLCFA synthesis because an increased dehydratase expression resulted in enhanced levels of VLCFAs in both vegetative and seed tissues.
Discussion
Collectively, our data demonstrated that the fatty acyl-CoA dehydratase is encoded by the PASTICCINO2 gene, and that it is an essential activity for plants. Similarly, the ketoacyl-CoA reductase activity in the double gl8agl8b maize mutant was also found to be essential (24) . However, the loss of function of the enoyl-CoA reductase CER10, which is involved in the ultimate step in the acyl-CoA elongation cycle, is not lethal (unlike the yeast orthologue TSC13), suggesting that there is at least another partially redundant CER10 homologue in Arabidopsis (13) . The weak pas2-1 allele is still able to produce some very-long-chain acyl-CoAs, resulting in strong reduction but not complete absence of VLCFAs. However, the channeling of these rare VLCFAs into different lipid classes is not unselective in pas2-1, indicating a previously unobserved level of regulation for the homeostasis of different lipid types. The most straightforward explanation is that a leaky mutation such as pas2-1 would result in significant perturbations to the lipid pools with the highest turnovers. Another hypothesis is that small changes in some lipid pools (like GIPCs) might lead to severe physiologic effects and that its homeostasis is maintained at the expense of less sensitive pools (like glucosylceramides). Alternatively, VLCFAs synthesis is compartmentalized differently and channeled independently for the different lipid pools. It was suggested, for instance, that VLCFA could be channeled into sphingolipids via an association of ceramide synthases with the elongase complex. This hypothesis was raised to explain the accumulation of medium-chain ceramide observed in yeast elongase mutants as in pas2 (25) . It was previously thought that the limiting step in the elongase complex involved only the condensing enzymes (10) . We demonstrated here that the dehydratase activity is also limiting for VLCFA synthesis. Interestingly, the overexpression of the condensing enzyme FAE1, as with PHS1, led to similar developmental alteration, such as asymmetric leaf shape. However, PHS1 enhanced wax deposition whereas FAE1 suppressed it, suggesting that both enzymes, despite being part of the same complex, could modify VLCFA homeostasis in different ways (20) .
Contrary to the cer10 mutant, pas2-1 showed very severe developmental defects. In particular, pas2 was characterized by abnormal cell division that was enhanced in the presence of cytokinins, leading to callus-like structure (15, 16) . It has to be noted that a similar phenotype was observed with weak mutations in the PAS3/GURKE gene, which codes the cytosolic acetylCoA carboxylase required for providing the malonyl-CoA to the elongase complex (26) . The link between VLCFA and cell division was also reported in yeast (7, 27) . In plants, the overexpression of PAS2 delayed cell cycle progression, in particular during mitosis (19) . PAS2 was described as interacting directly with phosphorylated cell cycle regulator CDKA (19) . The presence of a protein tyrosine phosphatase (PTP) motif that is conserved in eukaryotes led originally to the definition of the PAS2/Phs1p family as PTP-like proteins. However, recent structure/function analysis of Phs1p identified the catalytic residues involved in the dehydratase activity, and they do not belong to the PTP motif (9) . We cannot exclude the possibility that the dehydratase function evolved recently from a PTP ancestor and that the PTP motif remained conserved across the PAS2/Phs1p family. Nonetheless, several indications suggest that the PAS2/ Phs1p proteins might still be involved in phosphorylation-related processes. First, protein alignment of 31 members of PAS2/ Phs1p showed amino acid conservation of the PTP motif (9) . Then, the mutation of PAS2/Phs1p mammalian homolog PT-PLA led to centronuclear myopathy in dogs, a disease related to mutations in the phosphoinositide phosphatase myotubularin MTM1 (28) . PHS1 had the strongest epistatic interaction in yeast with the LCB phosphatase LCB3 (6) . Moreover, the stability of the LCB kinase LCB4p is tightly regulated by the CDK PHO85p (29) . The involvement of CDK-dependent phosphorylation in the regulation of LCB or VLCFA metabolic enzymes remains to be investigated in plants, but it would provide an attractive model reunifying the apparent divergent PAS2 functions.
The nature of the PAS2-mediated VLCFA pathway that regulates cell division and cell differentiation is still unclear. Mutations downstream in the LCB and sphingolipid pathway will help in understanding the functional role of these different lipids in plant development. The fact that PAS2 fulfills a nonredundant essential activity also opens up the possibility of using tissuespecific RNAi inactivation to probe and better define the multiple roles of VLCFAs in plant form and function.
Methods
Plant Material and Growth Conditions. The pas2-1 mutants are ethyl methane sulfonate alleles in Col0 background that were maintained as heterozygous stocks. Plants were grown in vitro and in a greenhouse in soil as described previously (30) . The pPAS2:PAS2-GFP construct corresponds to the PAS2 genomic sequence with 1014 bp of promoter cloned into pMDC107. The pas2-3 T-DNA insertion line N617051 from the SALK collection was genotyped by PCR with the PAS2-specific primers F20 (5Ј-AAAAAAGCAGGCTC-GAGCTCGTCTAGCTACACC-3Ј) and R549 (5Ј-ACC CGGAAAATTCCAAAATC-3Ј) or T-DNA-specific primer Lba1 (5Ј-TGGTTCACGTAGTGGGCCATCG-3Ј). Yeast strains and growth conditions were carried out as described previously (15) .
Cytologic Analyses. Observations were carried out using an inverted TCS SP2-AOBS spectral confocal laser microscope (Leica Microsystems) using either a PL APO 20 ϫ 0.70 NA or 63 ϫ 1.20 NA water-immersion objective. GFP and mCherry fluorescence were respectively recorded after an excitation at 488 and 594 nm (laser Ar/Kry) and a selective emission band of 495-550 nm and 600 -643 nm. YFP fluorescence was recorded after an excitation at 514 nm (laser Ar/Kry) and a selective emission band of 520 -564 nm. GUS (␤-glucuronidase) staining and scanning electron microscopy were carried out as described previously (18) . Colocalization and BiFC studies were performed as described previously (22) .
Lipid Analyses. For mass quantification of lipid species, GIPCs, glucosylceramides, and ceramides from A. thaliana wild type and mutant seedlings were extracted, isolated, and quantified as detailed in (31) . Analysis of free long chain bases of sphingolipids was adapted from Lester and Dickson (32) . Cuticular lipids were extracted and analyzed as described previously (33) . Total seed and leaf fatty acid were analyzed as reported by Li et al. (34) . AcylCoA profiling and MS/MS analysis were carried out as described previously (8, 35) . Detailed description of lipid analysis can be found in the SI Text.
